Time-variable gravity data of the GRACE (Gravity Recovery And Climate Experiment) satellite mission provide global information on temporal variations of continental water storage. In this study, we incorporate GRACE data for the first time directly into the tuning process of a global hydrological model to improve simulations of the continental water cycle. For the WaterGAP Global Hydrology Model (WGHM), we adopt a multi-objective calibration framework to constrain model predictions by both measured river discharge and water storage variations from GRACE and illustrate it on the example of three large river basins: Amazon, Mississippi and Congo. The approach leads to improved simulation results with regard to both objectives. In case of monthly total water storage variations we obtained a RMSE reduction of about 25 mm for the Amazon, 6 mm for the Mississippi and 1 mm for the Congo river basin. The results highlight the valuable nature of GRACE data when merged into large-scale hydrological modeling. Furthermore, they reveal the utility of the multi-objective calibration framework for the integration of remote sensing data into hydrological models.
For the field of hydrology, the past six years of GRACE operation contributed 12 to a significantly improved understanding of the spatio-temporal patterns of 13 water storage variations on the continents because no comprehensive TWSC 14 data were available before at large spatial scales due to the absence of ad-15 equate monitoring systems (Lettenmaier and Famiglietti, 2006) . Thus, the 16 GRACE TWSC data give new insights into the Earth's water cycle includ-17 ing the contribution of TWSC to sea level variations (Ramillien et al., 2008) , analyzed GRACE TWSC from seasonal to inter-annual time scales (see a re-cent review by Schmidt et al. (2008a) ). Others solved the water balance using
23
TSWC from GRACE for other hydrological components such as evapotranspi-24 ration (Rodell et al., 2004; Ramillien et al., 2006) or runoff (Syed et al., 2007) , 25 or separated individual storage compartments such as groundwater (Rodell 26 et al., 2007; Strassberg et al., 2007) or snow (Frappart et al., 2006; Niu et al., 27 2007).
28
Besides observation data, hydrological simulation models are an indispensable ance models (Hunger and Döll, 2008) , considerable model uncertainties remain 46 for other components of the water cycle, e.g., water storage, evapotranspira-tion or groundwater recharge due to the lack of adequate observation data. (cold in the north, subtropical in the southeast and dry in the southwest).
186
The evaluation of model performance for each iteration is effected by the fol- 
261
For all three river basins, considered in this study, two periods resulted to be 262 significant with respect to their signal proportion and an uncertainty study.
263
Corresponding amplitudes and phases used for the calibration are given in Ta integral GRACE signal (see Table 1 row (h) for percentage proportion).
269
Error estimations of GRACE data differ between several studies. For example, 270 using a Gaussian smoothing with an averaging radius of 750 km Wahr et al. signal was reduced by 50% compared to the original model version (Table 3) .
297
The reduction of RMSE for discharge was even greater, since a phase shift of 298 discharge seasonality could be corrected by the multi-criteria calibration (see is greater for discharge than for TWSC. This is reflected by the reduction 308 of the RMSE of the monthly mean discharge of about 80%, respectively 13 309 km 3 /month (Table 3) proved about 6 mm compared to the original model version (Table 3 ). This 319 improvement was most likely caused by changes of two model parameters.
320
An increased effective root zone increases the soil storage capacity and an in- This improvement is similar to what was achieved in the calibration period 370 (see Table 3 ). This corroborates the model improvement of TWSC that could are difficult to achieve with the present model set up and data availability for 376 this river basin. For further studies it should also be taken into consideration 377 that it might be justified to reduce the weight assigned to the river discharge 378 data during calibration in the Congo basin due to their high uncertainties.
379
This may enable the selection of Pareto optima with higher TWSC-simulation 380 performance (see Figure 1c) . of GRACE-based TWSC.
408
A better process understanding in global hydrology is necessary to provide 409 more reliable estimates of changes in the continental water cycle, which con-410 stitutes an important input for climate studies or water resources management.
411
In order to get a closer view into the reasons why the model differs from the 412 real world, more accurate input data and improved calibration settings should 413 be applied. The former can be achieved by using up-to-date river discharge Fig. 3 . Calibration results in terms of measured time series of monthly river discharge for a) the Amazon, b) the Mississippi and of mean monthly river discharge for c) the Congo river basin. See Table 1 for detailed sources of discharge measurements. 
